Introduction ers before they become mature. Among such processing on tRNAs, splicing is critical for the function of introncontaining tRNAs since all of the known tRNA introns interrupt the anticodon loop (Hopper and and Martin, 1992) .
zymes: tRNA splicing y et al., 1986) and 2'-phosphotransferase (Culver et al., 1997) . The yeast tRNA endonuclease that catalyzes the first step of tRNA splicing consists of four subunits, Sen54p, Sen2p, Sen34p and Sen15p. Sen2p intron-3'-exon ificant homology to homo-oligomeric archaeal tRNA endonuclease (Li et al., 1998) . In contrast to its soluble counterparts in archaea and Xenopus (Li et al., 1998; De Robertis et al., 1981) , the yeast enzyme the enzymatic activity is associated wit Sen2p, which has a the other subunits to the inner nuclear envelope (NE) (Trotta et al., 1997) . tRNA ligase was also shown to be mature tRNAs. The following observations suggested a "coupling model," in which the spliced tRNAs are directly handed to the nuclear export machinery (Peebles et al., 1983; Sharma et al., 1996) . In yeast, mutants defective in mature tRNA export, like rna1 and los1, concomitantly accumulate endmatured, unspliced pre-tRNAs in the nucleus (Hopper et al., 1978 (Hopper et al., , 1980 . Rna1p is a Ran GAP homologue in yeast (Corbett et al., 1995) , and Los1p, a homologue of exportin-t, is an export RNAs transcribed in the nucleus are processed in various mann Phizicky, 2003; Wolin and Matera, 1999; Trotta and Abelson, 1999; The splicing of tRNA introns is carried out by sequential action of three en endonuclease (Peebles et al., 1979; Rauhut et al., 1990) , tRNA ligase (Phizick and Sen34p have catalytic centers that cleave a 5'-exon-intron junction and an junction, respectively (Trotta et al., 1997) . Both of the subunits show sign has been regarded as an integral membrane protein, since h membranes and its extraction requires detergents (Peebles et al., 1983) .
hydrophobic stretch suitable to traverse membranes, was thought to anchor localized on the inner periphery of the NE (Clark and Abelson, 1987) .
tRNA splicing has been believed to occur just prior to the export of carrier of tRNAs (Kutay et al., 1998; Arts et al., 1998; Hellmuth et al., 1998) . Defects in some e nuclear by fluorescence in situ sshans et al., 2000) .
However, this coupling model has been challenged by several observations. In Xenopus se (RS) appears to similar system ted in the nucleus were already aminoacylated (Sarkar et al., 1999) . Conversely, the blockade of a certain RS by a ding mature tRNA, but n the nuclear tRNA-Tyr, without affecting its aminoacylation ability (Azad et al., 2001) . These results are against the direct coupling between the splicing and the export of tRNAs. Besides, under certain conditions, los1 g and Hopper, 2002) .
nother mechanism
In this situation, it is essential to know the exact place and timing in which the tRNA splicing occurs. Therefore, we decided to re-examine the localization of the tRNA splicing endonuclease in yeast. Unexpectedly, the endonuclease was present mainly on the mitochondrial surface, and several lines of evidence indicate that the mitochondrial pool of the enzyme has positive roles in tRNA splicing. Based on these results, we propose a new possibility that pretRNAs are spliced on the mitochondrial surface after their export out of the nucleus.
nucleoporins also result in pre-tRNA accumulation (Sharma et al., 1996) . Th localization of the accumulated pre-tRNAs in these mutants was demonstrated hybridization (FISH) (Sarkar and Hopper, 1998; Sarkar et al., 1999 ; Gro oocytes, aminoacylation of functional tRNAs by aminoacyl-tRNA syntheta take place in the nucleus prior to their export (Lund and Dahlberg, 1998) . A operates in yeast. In ∆nup116 mutant cells, the mature tRNAs that accumula mutation or a specific inhibitor caused the accumulation of the correspon not the pre-tRNA, in the nucleus (Grosshans et al., 2000) . A mutation withi localization signal (NLS) of TyrRS also caused the nuclear accumulation of cells accumulate only pre-tRNAs, not mature tRNAs, in the nucleus (Fen Without tight coupling between the splicing and the export, we need to seek a to explain accumulation of unspliced pre-tRNAs in the export mutants. CGCCCAA-3'; AAGAAGAGCGGTCACCGAGAGTACTAACGATGGGTTCGTAAGCGTACTCCTACCGT GGAA-3'. For Northern hybridization, probes were enzymatically radiolabeled with γ 32 P-ATP.
nufacturer.
Plasmids. The multi-copy vectors pYO324 (2µ TRP1) and pYO326 (2µ URA3) were a gift from Dr. Y. Ohya, University of Tokyo (Qadota et al., 1992 (Sakumoto et al., 1996) were inserted i - y, yeast cells grown on source were converted into spheroplasts and disrupted in 5 mM MES-KOH, pH 6.0, 0.5 mM EDTA and 0.6 M sorbitol with a Dounce homogenizer. After the cell debris was removed, the organelle fraction was recovered by centrifugation at 27,000 g for 10 min. The pellet was suspended in a buffer with 0.24 M sucrose, subjected to a gradient consisting of layers of 17%, 25% and 37% Nycodenz, and then centrifuged at 100,000 g for 2 h.
Fractions were recovered from the bottom.
showed temperature sensitive growth were selected on 5'-FOA medium mutant sen54 genes were also constructed by plasmid shuffling with ipped with a MicroMax cooled CCD camera (Roper Scientific), and were into spheroplasts and were disrupted by agitation with glass beads for 30 sec mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 10 mM spermidine-HCl, 0.5 mM DT e MSP fraction was subjected to a 20-80% sucrose gradient and was centri for 36 h at 4°C with a swing-out rotor (Hitachi, RPS27-2). The gradient was bottom. The recovery of organelle markers was assayed by quantitative Western blotting with Mitochondria were prepared as described (Lewin et al., 1990) . Briefl in a medium with lactate as a carb -9 -Submitochondrial fractionation was carried out as described (Jascur, 1991) . Intact old with 20 mM membrane vesicles. After g for 20 min, the supernatant was centrifuged at 100,000 g for 1 h to collect the vesicles. The pellet was suspended and subjected to a 0.85-1.6 M linear sucrose gradient. After centrifugation at 100,000 s described (Rout and Kilmartin, 1990 mitochondria suspended in a buffer with 0.6 M sorbitol were diluted by 10-f HEPES-KOH, pH 7.4, and were sonicated to produce mitochondrial the removal of the unlysed mitochondria by centrifugation at 30,000
g for 20 h, the gradient was collected from the bottom. (Peebles et al., 1983) . Products were analyzed on a 10% polyacrylamide gel with 6 M urea. The FISH analysis. FISH was performed essentially as described (Sarkar and Hopper, 1998) These observations were not specific to our strain background. We obtained essentially the same results with several wild-type strains, including 20-B12 that was used in Peebles et al., 1983 (our unpublished results) .
e tRNA splicing endonuclease is localized to mitochondria. (Peebles et al., 1983) , most of the Sen2p signals were distributed as discrete d structures that were distinct from the nucleus (Fig. 1A , WT). These struc mitochondria by co-staining with a monoclonal antibody against Por2p, a m with its antibodies despite the fact that Sen54p has a typical NLS-like sequen and the secondary antibodies (from goat) under these conditions. These results indicate that Sen2p and Sen54p are localized mainly to the mitochondria and also suggest that the two ng endonuclease activity in wild-type cells, we performed subcellular fractionations. Although the endonuclease was shown to be associated with membranes, the distribution of its activity was not compared fugation, Sen2p and t from a 10,000g gradient, Sen2p
and Sen54p were distributed with a major peak around fraction 11 and a minor peak around markers, Tim23p and re clearly different from those of the nuclear markers, histone H3 (Hht1p), Nsp1p and Pom152p (Kumar et al., 202; Hurt, 1990; Wozniak et al., 1994) , and an ER marker, Sec63p (Feldheim et al., 1992) ( Fig To further establish the mitochondrial localization of the tRNA splici with various organelle markers (Peebles, et al., 1983) . By differential centri Sen54p in wild-type cells were mainly recovered in an MSP fraction, a pelle centrifugation. When the MSP was resolved on a 20-80%w/v sucrose density fraction 17 (Fig. 2A) . These patterns resemble those of the mitochondrial Tom40p (Emtage and Jensen, 1993; Vestweber et al., 1989) , but a -13 -mitochondrial markers, with a major peak around fraction 11 with a shoulder around fraction 17
ith the mitochondria was also observed in dif n complex, we carried out a similar fractionation with sen2-3 mutant cells. The sen2-3 cells cleave the intron-, resulting in the RNA cleavage d the pre-tRNA to the 2/3 molecule and the 3'-exon (Fig. 2B) . All of the fractions throughout the gradient of sen2-3 membranes processed the pre-tRNA into the same molecules (Fig. 2B, lower) . Therefore, the , indicating that the dria.
Since resolution of the overall fractionation is not sufficient for complete separation of mitochondria and the nucleus, we performed organelle specific fractionations. First, we entrifugation (Lewin with purity similar 23p, while the nuclear markers, Hht1p and Nsp1p, peaked in different fractions (Fig. 2C, left) . Then, we red nuclei by PVP-sucrose density gradient centrifugation (Rout and Kilmartin, 1990 ).
Hhtp and Nsp1p were enriched in the nuclear fraction more than 10-fold. In this fraction, Sen2p
and Sen54p were somewhat contaminated but their levels were similar to those of mitochondrial markers (Fig. 2C, right) . These results again support the idea that the majority of tRNA splicing endonuclease is localized to the mitochondria and no significant pool of the enzyme exists in the nucleus.
( Fig. 2A, 2B ). Co-fractionation of the endonuclease w ferent gradient systems with Nycodenz (our unpublished results).
To confirm that the detected endonuclease activity arose from the Se 3'-exon junction normally, but cleave the 5'-exon-intron junction inefficiently accumulation of a 5'-exon-intron 2/3 molecule (Ho et al., 1990) . The pre-t activity of sen2-3 cells, mainly detected in the MSP fraction, now processe endonuclease activity we detected indeed came from the Sen complex majority of the tRNA endonuclease activity is associated with the mitochon prepared intact mitochondria from wild-type cells by Nycodenz gradient c et al., 1990) . Sen2p and Sen54p were enriched in the mitochondrial fraction to that of the mitochondrial markers, Tom70p (Lithgow et al., 1994) hich can extract peripheral membrane proteins, and with Triton X-100 in the presence of 1 M NaCl. The integral ce of the detergent brane proteins. The crystal structure of a soluble archaeal tRNA endonuclease, a homologue of Sen2p, also suggests that the putative transmembrane domain of Sen2p (225-243) is embedded in the interior of the protein (Li et al., 1998 ). Finally, we tested whether the endonuclease activity itself was extracted with 0.2 M Na 2 CO 3 , which seemed harsh for the enzyme. In fact, some of the activity was solubilized under these conditions (Fig. 3D ) while the total activity was reduced to 67% of Mitochondrial membrane vesicles were prepared and separated into out membrane (OM) vesicles and inner mitochondrial membrane (IM) vesicles density gradient. The sedimentation patterns of Sen2p (Fig. 3A) and contaminating NE, represented by Nsp1p, was purified away from the complex is associated with the mitochondrial OM. We then treated intac proteinase K to see whether these subunits were exposed on the cytosolic s ile an OM protein, Tom70p, was degraded, indicating that the OM was int proteins were digested by the protease in the presence of Triton X-100. This activity from membranes requires detergent and Sen2p has a hydrophobic st 1983; Trotta et al., 1997) . We then analyzed the membrane interactions of S They were released from the mitochondrial membrane with 0.2 M Na CO , w membrane proteins Tom70p and Tim23p were solubilized only in the presen (Fig. 3C ). These results indicate that Sen2p and Sen54p are peripheral mem -15 -its original value. Therefore, we concluded that the yeast tRNA endonuclease is peripherally associated with the cytosolic surface of the mitochondrial OM.
A S l.
Although the above results indicate that the majority of Sen2p, Sen54p and the tRNA e that the cally and carries out the alization of Sen2p
and Sen54p was not altered in several nuclear transport mutants (our unpublished results).
However, it is difficult to rule out the nuclear-cytoplasmic shuttling by the analysis of transport others do not even 97; Takizawa et al., 1999) . Therefore, we adopted a different approach. We constructed a fusion gene encoding Tom70N-Sen54p, in which the entire Sen54p is fused to the C-terminus of the first 61 residues on-mitochondrial l., 1989), and thus To It has been demonstrated that the NLS for soluble proteins cannot deliver integral membrane proteins into n is not expected to from the nucleus.
We put the fusion ORF under the SEN54 promoter on a low copy plasmid, and tested whether the fusion gene could replace the authentic SEN54 by tetrad analysis. Since SEN54 is essential for yeast growth, a diploid strain with one disrupted copy of SEN54 on its chromosomes produced two viable (SEN54) and two dead spores (∆sen54) (Fig. 4A, Vec) .
However, the diploid strain harboring a low-copy plasmid with TOM70N-SEN54 produced three en54p fusion protein artificially fixed on mitochondria is functiona endonuclease activity are associated with the mitochondria, it is still possibl endonuclease shuttles between the mitochondria and the nucleus dynami tRNA splicing in the nucleus. We thus investigated this possibility. The loc mutants, since some proteins utilize multiple receptors for their import, and require the Ran gradient across the NE for their transport (Rout et al., 19 of Tom70p (Tom70N) . This region of Tom70p is sufficient to anchor a n protein to the mitochondrial OM as an integral membrane protein (Nakai et a m70N-Sen54p is expected to behave as an integral membrane protein.
the nucleus (Soullman and Worman, 1995) . Therefore, this fusion protei shuttle between the mitochondria and the nucleus, and should be sequestered -16 -or four viable spores, resembling dissections with the authentic SEN54 on a plasmid (Fig. 4A, 54 ublished results). Western blotting revealed that only a full-size Tom70N-Sen54p, but product, was present in total cell extracts (Fig. 4B) . Tom70N-Sen54p, like localized with the mitochondrial marker, Por2p (Fig. 4B) . We then analy endonuclease activity between the two strains (Fig. 4E) . Therefor cytoplasmic shuttling of the Sen complex.
-17 - (Fig. 5A) . We introduced these plasmids in whose chromosomal SEN54 disruption is complemented by the authentic SEN plasmid. Cells losing the URA3 plasmid were selected on a 5'-FOA p ate. C (Fig. 5B, upper) . On the other hand, sen54∆200-232 cells grew on the 5'-FO a ts phenotype. At 37°C, sen54∆200-232 cells accumulated unspliced unpublished results). We observed similar but weak splicing defects in an Sen54∆200-232p was no longer localized to the mitochondria, but was dist the cytoplasm even at the permissive temperature (Fig. 5C ). There are the nuclear regions of the mutant cells. The deletion mutation might result in 402 406 localization by introducing an ectopic localization signal will suppress the d TOM70N to the 5'-terminus of the sen54∆200-232 ORF resulted in the reco 37°C and of the mitochondrial localization of the mutant protein (Fig. 5 wild-type extracts, but the activity of TOM70N-sen54∆200-232 extracts w cause inefficient complex assembly on the surface of mitochondria, leading to a decrease in the 54p and Sen2p can be of Sen2p was not en54p was colocalized with Sen2p. Tom70N-Sen54∆275-313p was not functional (Fig. 5B) , implying that the sults indicate that ∆200-232 mutant come from its mislocalization from the mitochondria, and that the mitochondrial localization of Sen54p is required for the assembly and/or enzymatic activity of tRNA endonuclease.
rface, the unspliced pre-tRNAs must be exported from the nucleus. We thus analyzed the localization of unspliced pre-tRNAs in endonuclease deficient mutants by FISH. We focused on Sen2p, one of the ot conditional (Ho et that showed a clear end-matured unspliced forms of tRNA-Ile UAU , tRNA-Leu CAA and tRNA-Pro UGG during a 4-h incubation at not accumulated in this mutant (our unpublished results). Even at 23°C, the mutant cells contained higher amounts of the pre-tRNAs than wild-type cells. Next, we tested the tRNA endonuclease activity in vitro.
The sen2-41 extract prepared from the mutant cells grown at 23°C had significantly lower endonuclease activity, when tested at 30°C (Fig. 6C) . The extract was also inactive at both 23°C
and 37°C (our unpublished results). A reaction product corresponding to a 5'-exon-intron 2/3 total endonuclease activity. Indeed, Fig. 1A and 1B demonstrate that Sen targeted to the mitochondria independently. Furthermore, the localization affected by sen54∆200-232 mutation (Fig. 5D) , indicating that only a part of S 275-313 region has a role other than in mitochondrial localization. These re the defects of the sen54
Endonuclease deficient cells accumulate pre-tRNAs in the cytosol.
If the tRNA splicing endonuclease functions on the mitochondrial su catalytic subunits of the enzyme. Since the sen2-3 mutation is leaky and n al., 1990), we screened new sen2 ts alleles and obtained one allele, sen2-41, ts growth (Fig. 6A) . Northern blotting showed that sen2-41 cells accumulated 37°C (Fig. 6B) . 5'-exon-intron 2/3 molecules and introns were apparently -19 -molecule was detected in the gel. Therefore, the mutant has a primary defect in the cleavage of the le UAU by FISH with A and the other against its intron. First, we monitored the time course of pre-tRNA accumulation after shift to 8; Grosshans et al., in the nucleus at 23°C.
t, left column). We usually saw a transient decrease in the signal intensity within 1 h after the shift. This transient decrease was also detected by Northern blotting (Fig. 7B ). In the sen2-41 cells, the unspliced ype cells. The prehe case of the wildtype cells. The pre-tRNA then accumulated gradually from 2 h after the shift (Fig. 7A, sen2 , left column). The increase in the cytosolic signal was more prominent than that in the nucleus of the pre-tRNA, in n the mutant cells -tRNA monitored by
Northern blotting (Fig. 7B) . Experiments with intron-specific probes for tRNA-Trp CCA , tRNA-CAA UGG se results indicate ol in the absence of the splicing endonuclease activity. The fact that an extremely high accumulation of the pretRNA in the nucleus was not observed argues against the possibility that the cytosolic signal is a mere leakage from the nucleus where high amounts of pre-tRNAs accumulate due to the lack of the splicing activity. The mutation did not affect the localization of total tRNA-Ile UAU (Fig. 8, n and t), mature tRNA-Trp CCA , mature tRNA-Leu CAA and the intron-less tRNAs, tRNA-Gly GCC 5'-exon-intron junction of pre-tRNAs in vitro.
Using the sen2-41 mutant, we analyzed the localization of tRNA-I two probes: one recognizing both the precursor and mature forms of the tRN the restrictive temperature. As reported previously (Sarkar and Hopper, 199 2000) , in wild-type cells, unspliced pre-tRNA-Ile UAU was detected mainly
Its localization was not changed by up to 4 h incubation at 37°C (Fig. 7A, w pre-tRNA-Ile UAU localization at 23°C rather resembled that of the wild-t tRNA signal decreased transiently within 1 h after the shift to 37°C, as was t like the nucleolus, seems to be intact in the sen2-41 cells, since the location (Fig. 7C ), U6 snRNA (our unpublished r istinguishable from those in the wild-type cells.
assess the effects of a mutation in the tRNA export machinery. ∆los1 cells, w exportin-t homologue Los1p, accumulate both the pre-tRNA and the matur as expected (Sarkar and Hopper, 1998; Fig. 8, d-f, j-l) . The nuclear pool tRNA was present in the cytosol, like the sen2-41 cells (Fig. 8, v- (Peebles et al., 1983) . However, the bioch the mitochondria, and only a small amount, if any, of the enzyme exists in
Xenopus oocytes, the tRNA endonuclease activity was mainly detected i Robertis et al., 1981) and is thought to act in the nucleus in vivo (Melton et localization of the tRNA endonuclease ined pieces of evidence that support pre-tRNA export from the nucleus.
Although we demonstrated that large portions of Sen2p, Sen54p an activity are localized on the mitochondria, there are still two explanations for from the view of nuclear pre-tRNA splicing. One possibility is nuclear-c Disintegration of integral membrane proteins from membranes would r that does not seem to function in the usual nuclear-cytoplasmic transport.
examples where one protein localizes at two distinct cellular compartments and each portion of A processing, tinct roles of pre-tRNA ria, respectively (Chamberlain et al., 1998; Gold et al., 1989) . proofreading and export occur sequentially in this order (Lund and Dahlberg, 1998; Sarkar et al., 1999; Grosshans et al., 2000) . Since excess amounts of mature tRNAs do not inhibit tRNA splicing in vitro, product inhibition by mature tRNAs accumulated in the nucleus is unlikely the enzyme has different functions (Danpure, 1995) . Even in the case of RN RNase P and RNase MRP share most of their protein subunits but fill dis end-processing in the nucleus and 5.8S rRNA processing in the mitochond this case. In fact, it is logically difficult to prove that no tRNA endonucleas nucleus. At least, our various fractionation and immunofluorescence analy significant pool of the enzyme in the nucleus. In TOM70N-SEN54 cells, a larger am endonuclease exist in a yeast cell (Trotta et al., 1997) , these observ splicing in the nucleus, only several molecules of the enzyme in a nucleus w promises normal growth and tRNA splicing activity. Regain of mitocho by addition of an unrelated targeting signal is enough to restore the phenoty observations favor the idea that the mitochondrial pool of Sen54p contri
In the presence of our new observations, how can we explain th of end-matured, unspliced pre-tRNAs in the mutants defective in tRNA ex -23 - (Peebles et al., 1979) . In fact, when the aminoacylation of a certain tRNA is blocked, only its ting that such product ntra-nuclear is process, indicating that there is an exchangeable pool of mature tRNAs in the nucleus before export (Iborra et al., in the cytosol, and that this l predicted that in the nucleus;
otherwise, sen2-41 should be a special mutant that compromised nuclear tethering of unspliced pre-tRNAs. A SEN54-depletion strain also accumulated pre-tRNAs in the cytosol (Tanaka, c accumulation of preunt of the endonuclease in the nucleus seems to be very small, if the endonuclease plays a role in retaining pre-tRNAs in the nucleus, it would have to act catalytically. Therefore, several conditions are required to g. dria is ollowing fashion. The pre-tRNAs are exported to the cytoplasm for their splicing on the mitochondria, and this export is the rate-limiting step for their splicing, therefore, the export mutations prevent the pre-tRNAs have been reported (Hellmuth et al., 1998; Azad et al., 2001; Feng and Hopper, 2002) . These pathways may be divided into two classes. One is specific for fully matured and functional tRNAs, and is governed by RSs, eEF-1α, etc. The other can export the pre-tRNAs and partly depends on Los1p. Indeed, the los1 mutation causes the nuclear accumulation of the mature form of introncontaining tRNAs, but not that of some intronless tRNAs (Grosshans et al., 2000) . Although we mature form, but not its precursor, is accumulated in the nucleus, indica inhibition does not occur even in vivo (Azad et al., 2001) (Kufel et al., 2002; Intine at al., 2002) . Especially, a La derivative that is not efficiently retained in the mitochondrial endonuc able working hypothesis.
If pre-tRNAs are cleaved on the mitochondrial surface, then a ques the yeast tRNA ligase (Rlg1p) localized there (Clark and Abelson, 1987) , may be exported again to the cytosol. Alternatively, Rlg1p may shuttle bet the cytosol to mediate tRNA ligation in the cytosol. Rüegsegger et al. rep functions in the cytosol (Rüegsegger et al., 2001; Sidrauski et al., 1996) . In summary, accumulated findings including ours suggest that, in yeast, the tRNA enesis, although its A t ffic in eukaryotic cells should be carefully re-examined in the view of the unexpected finding that the enzyme is localized on mitochondria.
The tRNAs themselves, but not the processing enzymes, may dynamically shuttle between the nucleus and the cytoplasm during and after their maturation.
with these end-immature species (Intine et al., 2002) . ura3-1 leu2-3, 112 trp1-1 his3-11, 15 can1-100 This study. 2 ura3-1 leu2-3, 112 trp1-1 his3-11, 15 can1-100 This study.
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TYSC360 The indicated amounts (µg protein) of each total extract were added to 10 µl reaction mixtures. 
